A novel electrode material based on graphene oxide (GO)-polypyrrole (PPy) composites was synthesized by in situ chemical oxidation polymerization. Palladium nanoparticles (NPs) with a diameter of 4.0 nm were loaded on the reduced graphene oxide(RGO)-PPy composites by a microwave-assisted polyol process. Microstructure analysis showed that a layer of coated PPy film with monodisperse Pd NPs is present on the RGO surface. The Pd/RGO-PPy catalysts exhibit excellent catalytic activity and stability for formic acid electro-oxidation when the weight feed ratio of GO to pyrrole monomer is 2 : 1. The superior performance of Pd/RGO-PPy catalysts may arise from utilization of heterogeneous nucleation sites for NPs and the greatly increased electronic conductivity of the supports.
Introduction
Direct formic acid fuel cells (DFAFCs) have attracted great attention as a new generation of power sources with high operating power densities and low emissions -two characteristics which are particularly suitable for portable devices.
1,2 Recent progress in Pd-based catalysts has revealed that Pd nanoparticles (NPs) are a promising catalyst employed in DFAFCs due its high catalytic activity. 3, 4 In order to improve catalytic character, Pd NPs are used to load on the conductive carbon materials. [5] [6] [7] It is well known that the performance of a catalyst layer in a fuel cell is influenced by dispersivity and stability of NPs on the surface of support materials. 8 Therefore, homogeneous distribution of NPs on the surface of support materials is a prerequisite to obtain high performance of catalysts. 9 So, finding novel support materials for DFAFCs is a critical issue.
The recent emergence of graphene nanosheets has opened a new avenue for utilizing 2D new carbon material as a support due to their high specific surface area (theoretical value of 2600 m 2 /g), 10 excellent electronic conductivity, 11 high chemical stability, and potentially low manufacturing cost. 12 Recently, graphene has received attention as the catalyst support for fuel cell applications, indicating that NPs catalysts loaded on the surface of graphene sheets shows the superior catalytic activity and stability than the loaded on other carbon support materials. [13] [14] [15] On the other hand, conducting polymers are also one of the attractive catalyst support materials due to their advantageous properties, including high electrical conductivity, relatively benign environmental effect, and comparatively low cost.
16-18
Thus, combination of graphene and conductive polymers as novel catalyst support materials may increase catalytic activity of NPs. The excellent electric properties of graphene and the unique advantages of PPy have attracted great research interests in preparing graphene-PPy composites as support materials. Therefore, the synthesis of hybrid materials consisting of reduced graphene oxide (RGO) with PPy matrix as support materials for metal NPs catalysts is an interesting approach to improve the catalytic behavior of metal NPs, because this composite structure is a more conductive support material than other carbon materials and leads to the formation of monodispersive metal NPs on the surface of the hybrid materials based on the strong coordination interaction between PPy and metal NPs. In this paper, GO-PPy hybrid materials as catalyst support with different mass ratios were prepared by in situ chemical oxidation polymerization method (Fig. 1) . Then the palladium Fig. 1 Schematic of the synthesis of Pd/RGO-PPy catalysts. was directly reduced onto the hybrid support, while the GO-PPy hybrid was reduced to form RGO-PPy composition. Catalysts with different PPy compositions were investigated. The results demonstrate that Pd/RGO-PPy exhibits excellent catalytic activity and stability for formic acid oxidation.
Experimental sections

Materials
The majority of the chemicals including graphite power (SP grade), pyrrole monomer, cetyltrimethylammonium bromide (CTAB) and ammonium persulfate (APS) were purchased from Sinopharm Chemical Reagent Co., Ltd., China., with their purity in analytical grade. Pyrrole monomer was purified by distillation under reduced pressure before use. Other chemical reagents were analytical grade and used as received without further purification.
Synthesis of the GO-PPy and Pd/RGO-PPy composites
GO was synthesized from natural graphite powder using a modified Hummers method.
19 Nanocomposites GO-PPy with different mass ratios of GO to pyrrole monomer (1 : 3, 1 : 2, 1 : 1, 2 : 1, and 3 : 1) were synthesized. For example, to obtain the GO-PPy(2 : 1) composites is as follows: before polymerization, 91 mg of CTAB was added into an aqueous solution of GO (40 mg) under ultrasonication. Then phosphonic acid (35 ml) and required amount of pyrrole monomer was slowly added dropwise into the GO solution and continuously stirred at 15 C for 2 h. About 0.62 g of APS was first dissolved in distilled water and then slowly added into the solution. The polymerization was carried out at 15 C for 4 h with constant mechanical stirring. The resulting black precipitates were filtered, washed with distilled water and methanol, and then dried in a vacuum oven. The pure PPy was synthesized in the absence of GO via a similar procedure. The Pd/RGO-PPy catalysts with the same Pd loading were prepared by a microwave-assisted reduction process, where ethylene glycol (EG) served as both the reducing agent and solvent. The typical route, for example, to obtain the Pd/RGOPPy(2 : 1) composites is as follows: 20 mg GO-PPy(2 : 1) powder was dispersed in 30 mL EG solvent by ultrasonic treatment for 1 h and then 0.71 mL of 7 mg mL À1 PdCl 2 solution was added under magnetic stirring. The PH value of this mixed solution was adjusted to 7 by adding 1 M NaOH aqueous solution. Subsequently, the solution was put into a microwave oven (1000 W, 2.45 GHz) and then was alternatively heated for 2 min and paused for 30 s, eight times. The resulting slurry was centrifuged, washed with deionized water and then dried in a vacuum oven. For comparative purposes, a sample of Pd-loaded RGO-PPy was also prepared under identical conditions. The same procedure was followed for the synthesis of Pd/RGO and Pd/XC-72.
Preparation of electrodes
Glassy carbon (GC) electrodes, 5 mm in diameter (electrode area 0.2 cm 2 ), polished with 0.05 mm alumina to a mirror-finish before each experiment, was used as substrates for supported catalysts. For the electrode preparation, typically, 3 mg of catalyst was added into 0.5 mL 0.05 wt. % Nafion solution, and then the mixture was treated for 1 h with ultrasonication for uniform dispersion. A measured volume (30 mL) of this mixture was dropped by a microsyringe onto the top surface of the GC electrode. The as-obtained catalyst-modified GC electrode was employed as the working electrode in our experiments.
Characterization
Infrared spectra were recorded with a model 360 Nicolet AVATAR FT-IR spectrophotometer. The Raman spectrum (inVia, Renishaw, England) was used to study the integrity and electronic structure of the samples. X-ray diffraction (XRD) analysis was performed on Bruker D8-ADVANCE diffractometer with Cu Ka radiation at a wavelength of l ¼ 0.15418 nm. The analysis of the composition of the catalyst was obtained with a Thermo IRIS Intrepid II inductively coupled plasma atom emission spectrometry (ICP-AES) system. X-ray photoelectron spectroscopy (XPS) was recorded on an ASTM E1829-02 system. Transmission electron microscopy (TEM, JEOL JEM-2100) was used to investigate the morphology. The crystallinity of Pd/ RGO-PPy was observed using high resolution TEM (JEOL JEM-2010). The electronic conductivities of the samples were measured by a four-point probe method (SDY-5 Four-Point probe meter). Thermal gravimetric analysis (TGA) was performed on a TG-DSC instrument (NETZSCH STA 409 PC) using a heating rate of 10 C min À1 in air atmosphere from 40 to 800 C.
Electrochemical measurement
All electrochemical measurements were carried out with CHI 660c electrochemical workstation, using a three-electrode test cell. A conventional three-electrode system was used with a modified GC electrode as the working electrode (5 mm in diameter), a Pt wire as counter electrode and a saturated calomel electrode (SCE) as reference electrode. All electrolytes were deaerated by bubbling N 2 for 20 min and protected with a nitrogen atmosphere during the entire experimental procedure. All experiments were carried out at a temperature of 25 AE 1 C.
Results and discussion
In order to confirm the formation of GO-PPy compounds, the molecular structure of the different composition samples was characterized using FT-IR spectra. Fig. 2 shows the FT-IR spectra of pure GO sheets, PPy polymer, and GO-PPy(2 : 1) composites, respectively. In Fig. 2a , the peaks located at 3430, 1729, and 1405-1049 cm À1 correspond to the OH, C]O in COOH and C-O in COH/COC (epoxy) functional groups of the GO sheets, respectively. This result is consistent with previous literature, 20 indicating GO sheets were synthesized. For PPy polymer (Fig. 2b) , the peaks at 1555 and 1475 cm À1 could be associated with C-N and C-C asymmetric and symmetric ringstretching, respectively. The broadband at 1301 cm À1 demonstrates the C-H and C-N in-plane deformation vibration, the strong peaks near 1200 and 922 cm À1 represent the doping state of PPy, and the peak at 1048 cm À1 is attributed to C-H deformation and N-H stretching vibrations. In addition, a broad band at $3420 cm À1 is attributed to the N-H stretching mode. Comparing to IR spectra of individual GO sheet and PPy polymer, all peaks have also appeared in the GO-PPy composite (Fig. 2c) , which implies that PPy chains have been integrated with GO to form the GO-PPy composite. It is worth noting that some bands of PPy are shifted to a lower wavenumber in the GOPPy composition. This change might be related to constrained growth and restricted modes of vibrations in PPy polymerized in the presence of GO.
The Raman spectra for the GO-PPy(2 : 1) nanocomposite as well as for GO sheet and PPy polymer are shown in Fig. 3 . The Raman spectra of GO (Fig. 3a) and the GO-based nanocomposite have very distinctive peaks for the D and G bands. A couple of Raman-active bands in the GO spectra were observed. The D band at 1329 cm À1 corresponded to defects or edge areas and the G band at 1594 cm À1 related to the vibration of sp 2 -hybridized carbon. 21 For GO-PPy(2 : 1) (Fig. 3c ) composites and PPy polymer (Fig. 3b) , characteristic vibrational peaks of PPy are also evident in the GO-PPy nanocomposite spectrum. The characteristic Raman bands at 1346 and 1563 cm À1 can be assigned to the C]C backbone stretching and the ring-stretching mode of PPy, respectively. The peaks at 926 cm À1 have been associated with the quinonoid bipolaronic structure and those at 986 and 1047 cm À1 with the quinonoid polaronic structure, revealing the presence of the doped PPy structures. 22 The peak at 1221 cm À1 is associated with antisymmetrical C-H in-plane bending. However, it is evident that both spectra of PPy and GOPPy are very similar and no obvious bands of GO are observed in the spectrum of the composite. These results indicate that PPy and GO are not simply blended or mixed up, whereas GO are entrapped in PPy chains. 23 The strong interaction between PPy and GO may lead to the disappearance of the characteristic bands of GO. Obviously, these Raman spectra of the composites indicate that PPy molecules were successfully modified on the surface of GO.
The morphology and structure of the different composites were characterized by transmission electron microscopy (TEM). Typical TEM images are shown in Fig. 4. Fig. 4a shows a clean GO sheet with a smooth finish and plenty of wrinkles owing to the thin structure of the sheet. By comparison, it is clearly seen in Fig. 4b that a layer of coated PPy film with spherical NPs is present on the GO surface. Considering the morphology of the GO-PPy, the PPy dominated by FT-IR and Raman spectrum confirms that the PPy were coated on the GO surface. Fig. 4c and 4d showed TEM images of Pd NPs deposited on the surface of RGO and RGO-PPy sheets. It can be seen that our Pd NPs had a narrow size distribution and were uniformly dispersed on the surface of RGO-PPy nanosheets. It could be assumed that the PPy on RGO surface acts as anchoring sites for Pd NPs and is beneficial to restricting the Pd migration. Further high-resolution TEM (HRTEM) image (the insert in Fig. 4e ) analysis indicated lattice fringes with an interfringe distance of approximately 2.2 A, which is close to the interplane distance of the [111] planes in the fcc structured Pd. From TEM images, the mean size of the Pd NPs decorated on the RGO-PPy was about 4.0 nm. X-ray diffraction technology was used to measure crystal structure of sample. Fig. 5 presents the XRD patterns of GO, GO-PPy(2 : 1), and Pd/RGO-PPy(2 : 1) composites, respectively. From Fig. 5a , it is clearly seen that two diffraction peaks appear at around 2q ¼ 9. 8 and 43 , belonging to the [002] and [100] planes of GO, respectively. Comparing to natural graphite, [002] diffraction peak of GO shifted to small angle, which indicated that the original graphite successfully oxidized into GO.
13,14
The diffraction peak at around 43 is associated with the [100] plane of the hexagonal structure of carbon, agreeing with reports in literatures. 24 From Fig. 5c , we found that the typical diffraction peak [002] of GO shifts to a higher angle after reduction by ethylene glycol. This could be attributed to fact that GO are partially reduced to graphene and restacked into an ordered crystalline structure.
14 For the GO-PPy (2 : 1) composite structure, the [002] reflection peak of GO disappears (Fig. 5b) . The possible reason derived from destruction and exfoliation of the regular layered structural GO sheets due to the growth of PPy on the surface of the GO sheets. 26 At the same time, no crystalline peaks of PPy were observed because of the amorphous feature for the PPy molecules. When Pd NPs were deposited on the surface of RGO-PPy to form Pd/RGO-PPy composites, the diffraction peaks located at 2q ¼ 39. 9 , 46.3 , 67.8 and 81.6 can be assigned to the characteristic (111), (200), (220), and (311) crystalline planes of Pd, respectively, all of which have facecentered-cubic (fcc) structures. On the basis of Scherrer's equation through line broadening of the Pd (220) peak, the average particle size of Pd NPs for Pd/RGO and Pd/RGO-PPy(2 : 1) were calculated as 4.3 and 4.0 nm, respectively, which is consistent with results of the XRD analysis.
X-ray photoelectron spectroscopy (XPS) was utilized to intuitively evaluate the composition of the as-prepared GO. The results were shown in Fig. 6 . As shown in Fig. 6a and 6b , the C/O ratio in the exfoliated GO was in agreement with that of it reported by other research groups. 25 These results, combined with Raman spectra and XRD pattern, prove that the pure GO is formed.
The formation mechanism of GO-PPy composites with the lamellar nanostructure is believed to be related to the micellization of CTAB, hydrogen-bonding, electrostatic interactions, and p-p stacking between PPy and GO, as presented in Fig. 7 . As mentioned in FT-IR spectra, some bands of PPy are shifted to lower wavenumbers in the spectrum of GO-PPy compared to that of pure PPy, in Fig. 2 , the characteristic peaks of the N-H stretching vibrations and stretching mode of PPy in GO-PPy are downshifted to 1017 and 3341 cm À1 even compared with the peaks of PPy (1048 and 3420 cm À1 ). The spectral red-shift phenomena of chemically synthesized nanocomposite result from the p-p interaction and hydrogen bonding between the GO and the polymer backbone. When GO were first dispersed in aqueous solutions containing cationic surfactant CTAB during ultrasonication, the GO based self-assembled surfactant templates were prepared by electrostatic interaction between negatively charged GO and cationic surfactant. When pyrrole monomer are added into the above-mentioned system, they will easily insert themselves between the surfactant layer and the GO. Subsequently, polymerization occurs as APS and PPy is gradually deposited on the surface of GO, leading to the formation of GOPPy composites. In addition, GO has two-dimensional sheets that have various oxygen functional groups (e.g., hydroxyl and epoxy) on their basal planes. These functional groups act as anchor sites and enable the subsequent in situ polymerization of PPy attaching on the surfaces of GO sheets. 27 In addition, the p-p stacking force between the pyrrole monomer and basal planes of GO was also beneficial to in situ polymerization occurring on the surface of GO. Such interaction ensures that the pyrrole monomer is adsorbed on the GO surface, serving as the nuclei of PPy during the formation of the lamellar nanostructure. Therefore, the PPy can gradually grow along the self-assembly soft template initial nuclei of PPy and form the lamellar nanostructure.
The thermal stability and the compositions of different composites were studied by thermal gravimetric analysis (TGA). Fig. 8 shows of Pd/RGO, Pd/XC-72, and Pd/RGO-PPy(2 : 1) composites. It is clear from Fig. 8 that all the samples have a little mass loss around 100 C due to the removing of adsorbed water. In consistence with the reports in literature, 28 for the Pd/RGO composite, the steady weight loss between 100-300 C is due to the removable of oxygenated functional groups. After the steep slope from 320-450 C the complete combustion of the graphene to CO or CO 2 was seen. In comparison, the Pd/RGO-PPy(2 : 1) composites also showed dramatic mass losses in the temperature range of 250 to 500 C, mainly due to the decompositions of their PPy components and the functional groups of RGO. The Pd/XC-72 showed very low oxygen content and the complete combustion took place at above 500 C. The practical composition of Pd in different samples was evaluated by ICP-AES analysis. The obtained ICP-AES Prior to evaluation of the electrocatalytic activity of the asprepared catalysts toward formic acid oxidation, two cycles of potential sweeps between À0.20 V and 1.2 V at 20 mV s À1 were applied on the GC electrode modified with catalysts. As shown in Fig. 9a , for the Pd/RGO-PPy(2 : 1) sample, both the hydrogen adsorption/desorption region and Pd oxide reduction region can still be observed. The electrochemically active surface areas (ECSAs) was estimated by integrating the voltammogram corresponding to hydrogen desorption (Q H ) by adapting the assumption of 212 mC cm À2 from the electrode surface. 29 The ECSAs for the Pd/XC-72, Pd/RGO, and Pd/RGO-PPy(2 : 1) were estimated to be 43.1, 52.3, and 63.6 m 2 g
À1
, respectively, and the high ECSAs were favorable to electrochemical oxidation toward formic acid. In addition, the double layer capacitance was also obtained from the cyclic voltammetry data. The electrical capacitance is a measure of the surface area, both of Pd and support composites that can be accessed by electrons as well as protons. The increased double-layer thickness of the Pd/RGOPPy(2 : 1) based electrodes reflects the higher specific surface area of the support composite. . As shown in Fig. 9b , the cyclic voltammogram features are in good agreement with the literature. 5 The two formic acid oxidation peaks during positive potential scanning, peak 1 around À0.1 V and peak 2 around 0.1 V in Fig. 9b , probably correspond to the two reaction steps (eqn (1)) and (eqn (2)) of reaction:
Reactive intermediates / CO 2 + 2H + + 2e
The highest peak currents were observed on Pd/RGO-PPy (2 : 1), indicating the highest catalytic activity for HCOOH oxidation, nearly 1.4 times that on Pd/XC-72 electrode catalysts. Furthermore, the relationship between the specific activity and pyrrole contents in the Pd/RGO-PPy catalysts was displayed on Fig. 9c . It was found that the content of PPy in the Pd/RGO-PPy catalysts affects the catalytic activity for formic acid oxidation. With the PPy content increasing, the current density increases at first and then decreases with the excess amount of PPy in the catalysts. These results proved that PPy as one of composite supporting materials loaded Pd NPs played a key role on oxidation of formic acid. When only PPy was used as supporting materials to load Pd NPs, electrocatalytic behavior of formic acid were not observed and only showed electrochemical reaction of PPy. This fact indicated that the optimal amount of PPy with RGO not only improved the conductivity of composite but also increased the electrocatalytic activity, due to the change of electrical properties of composites. 30 The Pd/RGO-PPy catalysts with the mass ratio of GO to pyrrole monomer is 2 : 1 have the best catalytic performance among all catalysts.
The stability of Pd-based electrocatalysts is extremely important for their practical applications in DFAFCs. The long-term activity and durability of the Pd-based catalysts were further assessed by chronoamperometry tests (i-t curve) with the potential fixed at 0.1 V for 3600 s as shown in Fig. 9d . Notably, Pd/RGO-PPy(2 : 1) showed both activity and durability superior to their Pd/RGO counterparts. It can be seen from the chronoamperometry curve, the limiting current densities of Pd/RGOPPy(2 : 1) as catalyst for formic acid oxidation is higher than the other catalysts throughout the whole process. The electrooxidation current on Pd/RGO-PPy(2 : 1) electrode at 3600s is 4.5 times as high as that of the Pd/XC-72 electrode. These results further demonstrated that the Pd/RGO-PPy(2 : 1) catalyst performs best. Fig. 10a and 10b provide the linear sweep voltammetry (LSV) curves of the Pd/RGO-PPy(2 : 1) and Pd/RGO electrodes at various rates in 0.25 M H 2 SO 4 + 0.25 M HCOOH solution. It can be seen that the oxidation potential and peak current density for formic acid oxidation become more prominent with increasing scan rates. This indicates that the oxidation of formic acid is an irreversible electrode process. The peak current density of Pd/RGO-PPy(2 : 1) is higher than that of Pd/RGO, anticipating higher electrochemical activity. Fig. 10c shows the relation of peak current (ip) to the square root of scan rates (v 1/2 ) for Pd/RGO-PPy(2 : 1) composite electrodes as a comparison with Pd/RGO. It can be seen that the ip of each depends on v 1/2 linearly, confirming that a diffusion-controlled process is taking place. According to the eqn (3), 31 provided that both electrodes have same values for n, A, and C 0 *, which stand for electron transfer numbers, electrode area, and initial concentration, respectively, which is almost the case, diffusion coefficients (D RGO-PPy and D RGO ) for Pd/RGO and Pd/RGO-PPy(2 : 1) composite electrodes are compared. From eqn (4), it is evident that PPy improves the diffusion coefficient of the electrodes. Additionally, the improved electron-transfer kinetics of the Pd/ RGO-PPy(2 : 1) catalyst can limit the amount of intermediates. Furthermore, the electrode structure of Pd/RGO-PPy(2 : 1) is expected to be advantageous for efficient diffusion and transport of by-product. 32, 33 Therefore, RGO-PPy shows better performance as a support of Pd-based electrocatalyst for formic acid oxidation.
To understand the improved catalytic performance after introducing conducting PPy into RGO, the electronic conductivity and electrochemical impedance spectroscopy (EIS) measurements were carried out for the Pd/RGO-PPy(2 : 1) hybrid materials and the Pd/RGO. The electronic conductivity of the Pd/RGO-PPy(2 : 1) hybrid materials (ca. 3.8 S m
) is about four times that of the Pd/RGO (ca. 0.9 S m À1 ), demonstrating the improved electron transport due to the existence of the PPy. The fact that PPy increases the conductivity of the electrode can also be derived from the EIS. The EIS of formic acid oxidation on electrodes Pd/RGO and Pd/RGO-PPy(2 : 1) is shown in Fig. 10d . At high frequencies, the diameter of the semicircle has been considered as the charge transfer resistance representing the rate of charge exchange between the ions in the aqueous solution and the composite at their electrochemical interface. 34 It can be seen that the diameter of the semicircle of Pd/RGO-PPy(2 : 1) is smaller than that of Pd/RGO. This suggests that formic acid oxidation proceeds much more easily on electrode Pd/RGO-PPy (2 : 1) than Pd/RGO because there is a much lower chargetransfer resistance on Pd/RGO-PPy(2 : 1). The straight line at low frequency in the EIS suggests the presence of Warburg diffusion resistance. These results confirm the suggestion that PPy plays a key role in increasing the conductivity of the composite electrode.
Based on the above results, these favorable properties may be attributed to three aspects. First, the specific electrostatic interactions between negatively charged PdCl 4 2À and positively charged PPy can greatly enhance the nucleation of nanocrystalline metals onto support. These heterogeneous nucleation sites facilitate to form the uniform and monodispersive Pd NPs. Additionally, the specific interactions between PPy and Pd NPs could lead to the deposition of Pd NPs in narrower size distributions and improve the stability of Pd NPs on RGO-PPy support. Finally, the PPy work as a highly conductive matrix for quickly providing electrons which might be favorable for electrochemical reaction.
Conclusions
RGO-PPy hybrid materials with different mass ratios were prepared as catalyst supports by in situ chemical oxidation polymerization methods. The RGO-PPy samples were used as support materials for Pd NPs and the assemblies' electrochemical properties for formic acid oxidation were investigated. The superior performance of Pd/RGO-PPy compared to Pd/RGO is attributed to its inhibition of the agglomeration of graphene sheets and to the increased electrical conductivity brought about by PPy. Thus, RGO-PPy is a more suitable and promising electrode material for use in formic acid fuel cells.
